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Ferromagnetic quantum critical fluctuations in YbRh2(Si0.95Ge0.05)2
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The bulk magnetic susceptibility χ(T,B) of YbRh2(Si0.95Ge0.05)2 has been investigated close
to the field-induced quantum critical point at Bc = 0.027 T. For B ≤ 0.05 T a Curie-Weiss law
with a negative Weiss temperature is observed at temperatures below 0.3 K. Outside this region, the
susceptibility indicates ferromagnetic quantum critical fluctuations: χ(T ) ∝ T−0.6 above 0.3 K, while
at low temperatures the Pauli susceptibility follows χ0 ∝ (B−Bc)
−0.6 and scales with the coefficient
of the T 2 term in the electrical resistivity. The Sommerfeld-Wilson ratio is highly enhanced and
increases up to 30 close to the critical field.
PACS numbers: 71.10.HF,71.27.+a
Landau’s Fermi liquid theory has been successfully
used to describe the low-temperature behavior of strongly
correlated electron systems. Starting from a Fermi gas,
this model introduces the many-body interactions in a
phenomenological way. It is based on the concept of
elementary excitations, called quasiparticles, showing a
one-to-one correspondence to the free electron (or hole)
excitations of the Fermi gas. Furthermore, the quasi-
particle motion can be described by a generalized Boltz-
mann equation. The quasiparticle excitations thus lead
to a linear in temperature (T ) specific heat, C = γ0T ,
and a constant Pauli susceptibility χ0 at low tempera-
tures as well as a temperature independent rate ∝ A of
quasiparticle-quasiparticle collisions causing an electrical
resistivity contribution ∆ρ = AT 2. The electronic corre-
lations result in a renormalization of the effective mass
of the quasiparticles which in case of the heavy fermion
(HF) systems can exceed the bare electron mass by a fac-
tor up to 1000. This causes huge values of γ0, χ0 and A
that roughly scale like γ0 ∝ χ0 ∝
√
A. Recently, much
interest has been focused on how the properties of the
heavy Landau Fermi liquid (LFL) state evolve if these
materials are tuned into a long-range magnetically or-
dered state [1]. The important question arises whether
the heavy quasiparticles retain their itinerant character
and form a spin-density wave (SDW) at the quantum
critical point (QCP) or, alternatively, decompose due to
the destruction of the Kondo screening. In the latter case
the magnetic order is caused by localized f -electrons that
do not contribute to the Fermi surface [2]. In order to
address this question, detailed experiments on the na-
ture of the quantum critical state in the two prototypical
materials CeCu5.9Au0.1 [3] and YbRh2Si2 [4] have been
performed.
In CeCu5.9Au0.1 the static susceptibility has been
found to obey a modified Curie-Weiss (CW) law [5]
χ−1(q, T ) = (Tα + (−Θ(q))α)/c (1)
with a fractional exponent α ≃ 0.75. The Weiss temper-
ature Θ(q) < 0 is a function of q and vanishes at the crit-
ical wave vector q = Q of the nearby antiferromagnetic
(AF) order [5]. Furthermore, the dynamical susceptibil-
ity follows energy over temperature scaling and the bulk
(q = 0) susceptibility obeys magnetic field over temper-
ature scaling, both with the same fractional exponent α
obtained from the modified CW law [5]. The momentum
independence in the critical response observed in these
experiments led to the proposal of a locally critical sce-
nario for the HF QCP [6].
YbRh2Si2 is a clean and stoichiometric HF system lo-
cated extremely close to the border of long-range mag-
netic order and shows pronounced non-Fermi liquid be-
havior in thermodynamic, electrical transport and mag-
netic properties [4, 7, 8, 9, 10, 11]. Very weak AF or-
dering at TN = 70 mK can be driven to zero by a small
critical magnetic field Bc of 0.06 T applied in the easy
magnetic plane perpendicular to the crystallographic c-
axis [8]. In YbRh2(Si0.95Ge0.05)2 the partial substitu-
tion of Si-atoms with the larger but isoelectronic Ge re-
duces TN and Bc far closer towards zero (20 mK and
0.027 T, see Figure 4). The observed divergences of both
the quasiparticle mass and Gru¨neisen ratio [7, 9] exclude
the SDW description of the QCP in this system. Tem-
perature over magnetic field scaling in thermodynamic
and transport properties indicates that the characteris-
tic energy of the heavy quasiparticles is governed only
by the ratio of the thermal energy to the magnetic field
difference b = B −Bc and vanishes at b→ 0 [7, 11]. The
observed disparity in the temperature dependence of the
electrical resistivity and specific heat at b = 0 suggests
a break-up of the heavy quasiparticles in the approach
of the QCP [7]. This is consistent with the observation
of the Yb3+ electron spin resonance at temperatures at
least down to 2 K, i.e. well below the single-ion Kondo
scale of 25 K in that system, that highlights the emer-
gence of large unscreened local magnetic moments close
to the QCP [12].
In this Letter, we use low-temperature measurements
of the bulk magnetic susceptibility χ(T,B) to investigate
the quantum critical behavior in YbRh2(Si0.95Ge0.05)2.
Our results highlight that the quantum critical fluctu-
ations in this system have a very strong ferromagnetic
20.01 0.1 1 10
0
2
4
6
8
10
0.0 0.1 0.2 0.3 0.4 0.5
0.1
0.2
0.3
~ T −0.6
~ T2
0
B(T)
0.03
0.05
0.065
0.1
0.15
0.4
YbRh2(Si0.95Ge0.05)2


χ(1
0
-
6 m
3 m
o
l-1 )
T(K)
 B(T)
0
0.03
0.05
0.065
χ−
1 (1
06
m
ol
m
-
3 )
 T(K)
FIG. 1: Low-frequency ac susceptibility χ vs T (on a loga-
rithmic scale) and χ−1 vs T (inset) of YbRh2(Si0.95Ge0.05)2
at varying superposed static magnetic fields applied perpen-
dicular to the c-axis. Dotted line indicates (χ(T )−c) ∝ T−0.6
with c = 0.215×10−6m3mol−1. Arrows indicate susceptibility
maxima.
(FM) component and are thus unique among all other
quantum critical HF systems, including CeCu5.9Au0.1.
The measurements were performed on pieces of a high-
quality single crystal of YbRh2(Si0.95Ge0.05)2 studied
previously by specific heat and electrical resistivity [7], as
well as thermal expansion measurements [9]. The resid-
ual resistivity of the crystals amounts to 5 µΩcm. We ob-
tain the magnetic susceptibility χ(T,B) from either low-
temperature ac-susceptibility or dc-magnetization mea-
surements. The ac susceptibility was determined with
a low-frequency (16.67 Hz) field modulation of 0.1 mT.
Constant fields B have been superposed to the modu-
lation field using a superconducting 20 T magnet. A
B = 0 study has already been published in [13]. The dc-
magnetization measurements were performed utilizing a
high-resolution Faraday magnetometer.
Figure 1 displays the temperature dependence of the
magnetic ac susceptibility of YbRh2(Si0.95Ge0.05)2 at dif-
ferent fields B, applied in the easy magnetic plane per-
pendicular to the c-axis. We first concentrate on the
B = 0 data. Upon cooling to below 10 K, a strong
increase is observed that, above 0.3 K, can be approx-
imated by a power law divergence ∆χ ∝ T−0.6. Here ∆χ
is the susceptibility after subtraction of a small temper-
ature independent contribution that amounts to 2% of
the total susceptibility at 0.02 K. The previous attempt
[13] to fit the data with an exponent of 0.75 is much
less satisfactory. At lower temperatures, χ(T ) tends to
saturation and is well described by a CW law with a
negative Weiss temperature of Θ = −0.32 K similar to
that found for pure YbRh2Si2 at TN < T ≤ 0.3 K [7].
The value of the slope in χ−1(T ) indicates a large ef-
fective moment µeff ≈ 1.4µB per Yb3+ and the sign
of the Weiss temperature suggests some AF correlations
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FIG. 2: Field dependence of the Pauli magnetic susceptibility
χ0 determined from the differential susceptibility dM/dB at
0.09 K (solid circles, left axis) and T → 0 extrapolation of
the ac susceptibility χ(T ) (open triangles, left axis) as well
as specific heat coefficient γ0 ([7], open circles, right axis).
Solid, dashed and dotted lines indicate γ0 ∝ (B − Bc)
−0.33
(Bc = 0.027 T), χ0 ∝ (B−Bc)
−0.6 and logarithmic behavior,
respectively. Inset shows magnetization M(B) at T = 0.09 K.
[7]. Note that the temperature dependence both above
and below 0.3 K is different to that found in the bulk
susceptibility of CeCu5.9Au0.1, cf. Eq. (1). No signa-
ture of magnetic ordering is observed because the exper-
iments have been performed above 20 mK. Upon super-
posing constant fields B to the field modulation, the low-
temperature susceptibility decreases. For small fields the
temperature dependence does not change significantly
and the CW law is observed for B ≤ 0.05 T (see inset).
At fields larger than 0.05 T, the behavior changes dras-
tically: Upon cooling, χ(T ) passes through a maximum
followed by a T 2 dependence at low temperatures, indi-
cating the formation of a field-induced LFL state [14] also
observed in specific heat and electrical resistivity mea-
surements [7]. The extrapolated saturation values χ0(B)
therefore represent the Pauli susceptibility.
Next, we focus on the field-dependence of χ0(B) in
the approach of the QCP at Bc = 0.027 T. In Figure
2, we show that the Pauli susceptibility, determined as
discussed above from the saturation values of isofield ac-
susceptibility measurements (open triangles), agrees well
with the slope dM(B)/dB|T=const (solid circles) of the
low-temperature dc magnetization (see inset). The spe-
cific heat coefficient in the field-induced LFL state at
B > Bc has been found to diverge in the approach of
the critical field [7] and we now compare its field de-
pendence with that of the Pauli-susceptibility. For fields
larger than about 0.3 T, both properties show a very
similar field dependence (cf. Figure 2). Below 0.3 T,
they deviate from each other, both showing a stronger
than logarithmic increase. Whereas γ(b) ∝ b1/3 with b
the difference between the applied and the critical field,
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FIG. 3: Field dependence of the Kadowaki-Woods ratio A/γ20
(a), the Sommerfeld-Wilson ratio RW = Kχ0/γ0 (b) and
the ratio A/χ20 (c) of YbRh2(Si0.95Ge0.05)2, using γ0(B) and
A(B) from Ref. [7]. Solid (open) symbols in (b) and (c)
indicate data calculated by using the Pauli susceptibility
χ0 obtained from the differential susceptibility dM/dB at
90 mK and the T → 0 extrapolation of the ac suscepti-
bility (cf. Fig. 2), respectively. Solid, dashed and dotted
lines indicate A/γ20 = 5.3 µΩcm mol
2K2J−2, RW = 17.5 and
A/χ20 = 1.45× 10
12µΩcmK−2/(m3/mol)2, respectively.
b = B −Bc [7], the Pauli susceptibility can be described
by χ0(b) ∝ b−0.6±0.1. Note, however, that this power-law
divergence, in contrast to that observed for the specific
heat coefficient, does not continue towards b → 0: The
CW law observed for fields below 0.05 T with a negative
Weiss temperature that does not vanish at the critical
field indicates that χ(T → 0) remains finite at the QCP.
Having determined the field dependence of the Pauli
susceptibility, we may now compare the evolution of the
three characteristic parameters χ0, γ0 and A (the coef-
ficient of the T 2 term in the electrical resistivity) of the
LFL induced for b > 0 upon tuning the system into the
QCP. This provides information on how the heavy quasi-
particles decay into the quantum critical state. Figure 3a
shows the field dependence of the Kadowaki-Woods ratio
[7]. At larger distances from the QCP, A/γ20 = const
is observed. The weak divergence for b → 0 indicates
that the characteristic length scale for singular scatter-
ing grows much slower than expected by the itinerant
spinfluctuation theory [7].
Next we focus on the Sommerfeld-Wilson ratio RW =
Kχ0/γ0, where K = pi
2k2B/(µ0µ
2
eff ) is a scaling factor
which gives a dimensionless value of RW = 1 for the free
electron gas. Whereas electron-phonon interactions en-
hance γ0 but not χ0, leading to a reduction of RW , an en-
hancement of RW could be caused by electronic spin-spin
interactions. For Kondo systems, a Sommerfeld-Wilson
ratio of 2 is expected [15] as observed in many HF sys-
tems [16]. Nearly FM metals, due to Stoner enhance-
ment, show very large values, e.g. RW = 6 − 8 (Pd),
12 (TiBe2), 40 (Ni3Ga) [17] and 10 (Sr3Ru2O7 [18]).
For YbRh2(Si0.95Ge0.05)2, as shown in Figure 3b, the
Sommerfeld-Wilson ratio is b-independent in the same
field range for which a constant Kadowaki-Woods ratio
has been found. The value of RW = 17.5±2 is highly en-
hanced compared to all other HF systems. Upon lowering
the magnetic field deviation from the QCP, RW even in-
creases, reaching a value larger than 30 at 0.065 T, which
is the lowest field at which χ0 could be determined (see
above). This dramatic increase of RW highlights the im-
portance of FM fluctuations in the approach of the QCP.
In Figure 3c, the field dependence of the ratio A/χ20,
which compares the quasiparticle-quasiparticle scattering
cross section with the Pauli susceptibility, is shown. In
contrast to both the Kadowaki-Woods and Sommerfeld-
Wilson ratio, A/χ20 is approximately constant in the en-
tire field interval above 0.065 T. Since the electrical re-
sistivity is strongest influenced by large-q scattering [19],
one would not expect the A-coefficient to scale with the
q = 0 susceptibility in the approach of an antiferromag-
netic QCP. The fact that A/χ20 ≈ const over more than
two decades in the field-deviation from the QCP thus
provides evidence for FM (q = 0) quantum critical fluc-
tuations in YbRh2(Si0.95Ge0.05)2.
Figure 4 shows the temperature-field diagram for
YbRh2(Si0.95Ge0.05)2 including regimes of different mag-
netic response. The AF state close to the origin is sur-
rounded by a regime below 0.3 K that extends to fields up
to 0.05 T (shaded area), in which the susceptibility fol-
lows a CW law with a negative Weiss temperature, indi-
cating predominant AF correlations. Outside this region,
the quantum critical behavior is dominated by FM fluc-
tuations: i) χ0(b) follows a b
−0.6 dependence and ii) the
temperature dependent part, ∆χ(T ), diverges as T−0.6
for T > 0.3 K suggesting a divergent q = 0 susceptibil-
ity (see also inset of Figure 4). A similar temperature
dependence has been observed in the 29Si NMR-derived
Knight shift Ks(T,B) of YbRh2Si2 [10]. In these experi-
ments, outside a narrow region close to the critical field,
the Korringa ratio (1/T1T )/K
2
s with Ks and 1/(T1T ),
being proportional to the bulk susceptibility and the q-
averaged dynamical spin susceptibility, respectively, is
constant, with a value similar as found for nearly fer-
romagnetic metals [10]. This suggests that the inverse
of the zero-field susceptibility, plotted versus T 0.6 in the
inset of Fig. 4, is effectively q-independent above 0.3 K.
Such behavior is even ”more local” than that described
in the locally-critical scenario [6] and very different to the
case of CeCu5.9Au0.1 (cf. Eq. 1) for which latter system
the Weiss temperature is strongly q dependent and van-
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FIG. 4: T -B phase diagram for YbRh2(Si0.95Ge0.05)2, B ⊥ c.
Open and closed circles indicate temperatures of maxima
in χ(T ) (cf. arrows in Fig. 1) and C(T )/T [7] at various
different fields, respectively. Positions of χ(T ) maxima for
YbRh2Si2 [4] are indicated by small solid squares. Dashed
and dotted lines represent 2.55 KT−0.75 × (B − 0.05 T)0.75
and 1.1 KT−1× (B−0.027 T), respectively. AF state marked
by grey solid region very close to the origin. Slanted lines
indicate regime where χ(T ) follows Curie-Weiss law. La-
bels see text. Inset a enlarges region close to origin. In-
set b displays susceptibility increment as ∆χ−1 vs T 0.6 with
∆χ = χ(T ) − 0.215 × 10−6 m3mol−1. Solid line indicates
∆χ−1 ∝ T 0.6.
ishes only for q = Q, i.e. at the critical antiferromagnetic
wave vector [5].
Finally, we discuss the characteristic maximum in χ(T )
whose position shifts to lower temperatures with decreas-
ing magnetic field extrapolating towards B⋆ ≈ 0.05 T
(see dashed line in Figure 4). Very similar behavior is
observed for pure YbRh2Si2 as well [4], the positions of
the susceptibility maxima being not affected by the Ge-
substitution (cf. open circles and solid squares in Figure
4). These positions of susceptibility maxima define a
line in the temperature-field plane along which the mag-
netization slope dM/dB is most sensitive to a change
of the applied magnetic field. This characteristic field
increases with temperature as expected for a FM po-
larization of fluctuating magnetic moments. Most in-
terestingly, the ferromagnetic fluctuations are unaffected
by the Ge-substitution in YbRh2(Si0.95Ge0.05)2 that has
strong influence on the antiferromagnetic order, leading
to a roughly threefold reduction of the ordering temper-
ature, ordered moment [11] and critical magnetic field
compared to the parent compound YbRh2Si2. This sug-
gests the FM fluctuations to be not directly correlated to
the AF-QCP at Bc = 0.027 T in the Ge-substituted sys-
tem. Indeed, the line of susceptibility maxima is different
from the cross-over line determined from the maxima in
the specific heat coefficient C(T )/T that terminates at
B = Bc = 0.027 T, i.e. ≈ 12B⋆ ([7], see solid circles in
Figure 4).
To summarize, the strong increase of the bulk suscep-
tibility towards low temperature, the highly enhanced
Sommerfeld-Wilson ratio and the field-independence of
A/χ20 indicates that YbRh2(Si0.95Ge0.05)2 is located very
close to a FM instability. Recent experiments on itiner-
ant ferromagnets have revealed a first-order instead of a
continuous suppression of the ordering [20]. It has also
been argued that close to a FM QCP a nonanalytic term
in the free energy generates first-order behavior [21]. In
4f -based heavy fermion systems, no evidence for a FM
QCP has yet been found, instead these systems first un-
dergo a transition to an AF state before getting param-
agnetic [22, 23]. YbRh2(Si0.95Ge0.05)2 is thus unique as
the quantum critical behavior is dominated by FM fluc-
tuations over wide ranges of the T −B plane, except for
fields close to the critical field and temperatures below
0.3 K.
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